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Available online 27 April 2017Cystic echinococcosis, a zoonotic disease caused by Echinococcus granulosus sensu lato (s. l.), is a significant global
public health concern. Echinococcus granulosus s. l. is currently divided into numerous genotypes (G1–G8 and
G10) of which G1–G3 are the most frequently implicated genotypes in human infections. Although it has been
suggested that G1–G3 could be regarded as a distinct species E. granulosus sensu stricto (s. s.), the evidence to
support this is inconclusive. Most importantly, data from nuclear DNA that provide means to investigate the ex-
change of genetic material between G1–G3 is lacking as none of the published nuclear DNA studies have explic-
itly included G2 or G3. Moreover, the commonly used relatively short mtDNA sequences, including the complete
cox1 gene, have not allowed unequivocal differentiation of genotypes G1–G3. Therefore, significantly longer
mtDNA sequences are required to distinguish these genotypes with confidence. The main aim of this study
was to evaluate the phylogenetic relations and taxonomy of genotypes G1–G3 using sequences of nearly
completemitogenomes (11,443 bp) and three nuclear loci (2984 bp). A total of 23G1–G3 sampleswere analysed,
originating from 5 intermediate host species in 10 countries. The mtDNA data demonstrate that genotypes G1
andG3 are distinctmitochondrial genotypes (separated by 37mutations), whereas G2 is not a separate genotype
or even a monophyletic cluster, but belongs to G3. Nuclear data revealed no genetic separation of G1 and G3,
suggesting that these genotypes form a single species due to ongoing gene flow. We conclude that: (a) in the
taxonomic sense, genotypes G1 and G3 can be treated as a single species E. granulosus s. s.; (b) genotypes G1
and G3 should be regarded as distinct genotypes only in the context of mitochondrial data; (c) we recommend
excluding G2 from the genotype list.
© 2017 Elsevier B.V. All rights reserved.Keywords:
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Cystic echinococcosis (CE), a zoonotic disease caused by the larval
stage of tapeworm Echinococcus granulosus sensu lato (s. l.), is aInstitute of Ecology and Earthsignificant global public health concern (Eckert et al. 2001; Alvarez
Rojas et al. 2014; Marcinkute et al. 2015). The life cycle of the parasite
involves mainly dogs and wild carnivores as definitive hosts and a
wide range of domestic and wild mammals as intermediate hosts, but
also humans as aberrant intermediate host (e.g. Eckert et al. 2001;
Moks et al. 2006, 2008; Deplazes et al. 2011; Laurimaa et al. 2015a).
CE is listed among themost severe parasitic diseases in humans, ranking
second in the list of food-borne parasites globally (FAO/WHO report,
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prioritised by the World Health Organization (Daumerie et al. 2010).
Echinococcus granulosus s. l. exhibits considerable variability in terms
of genetic diversity, morphology, host range, infectivity to humans,
pathogenicity, antigenicity, developing rate and other aspects (e.g.
Eckert et al. 2001; Thompson, 2008; Gholami et al. 2011; Romig et al.
2015).Molecular studies have identified a number of genotypes/species
within the E. granulosus complex (Bowles et al. 1992; Bowles et al. 1994;
Thompson and McManus, 2002; Lavikainen et al. 2003; Nakao et al.
2007; Hüttner et al. 2008; Thompson, 2008; Saarma et al. 2009;
Knapp et al. 2011) that are closely related to other species in the
genus Echinococcus (Knapp et al. 2015). Traditionally, the complex is
considered to consist of genotypes G1–G8, G10 and E. felidis (Bowles
et al. 1992; Bowles et al. 1994; Lavikainen et al. 2003; Hüttner et al.
2008). A novel genotype recently discovered from Ethiopia by
Wassermann et al. (2016) adds even more complexity. Suggestions
have been made to split the genotypes into distinct species: E.
granulosus sensu stricto (s. s.; genotypes G1–G3), E. equinus (G4), E.
ortleppi (G5) and E. canadensis (G6–G8 and G10), or E. intermedius
(G6, G7) and E. canadensis (G8, G10) (Thompson and McManus, 2002;
Nakao et al. 2007; Thompson, 2008; Saarma et al. 2009; Knapp et al.
2011; Thompson, 2016). However, the evidence is still inconclusive, es-
pecially for genotype groups G1–G3 and G6–G10 (e.g. Saarma et al.
2009; Nakao et al. 2015; Romig et al. 2015; Lymbery, 2016).
Echinococcus granulosus s. s. (genotypes G1–G3) is spread globally
among wild and domestic animals, with highly endemic foci in South
America, the Mediterranean basin and Central Asia (Dakkak et al.
2010; Hajialilo et al. 2012; Rostami et al. 2015; Boufana et al. 2015;
Zhang et al. 2015; Cusher et al. 2016; Laurimäe et al. 2016). E. granulosus
s. s. is also the most frequently implicated Echinococcus species in
human infections, 88% worldwide, according to a recent estimate by
Alvarez Rojas et al. (2014), therefore deserving particularly close atten-
tion. Dogsmay present a considerable risk factor in the spread of CE due
to their close contact with humans. Although generally the infection
rates for humans are higher in rural areas (Possenti et al. 2016), there
is increasing potential for exposure in urban environment. Indeed,
using non-invasivemolecular diagnostics (Laurimaa et al. 2015b), geno-
type G1 has been recently found in urban dogs (Laurimaa et al. 2015a).
The original molecular definitions of genotypes G1–G3 were based
on 366 bp of the cox1 gene (Bowles et al. 1992). It became immediately
apparent that genotypes G1–G3 are genetically more closely related to
each other than to any other known genotype and a proposal was
made to treat G1–G3 as a single species (Thompson et al. 1995). To eval-
uate the taxonomy of G1–G3, phylogenetic analysis of nuclear loci is ab-
solutely crucial, as it would provide means to investigate the exchange
of genetic material between G1–G3. However, nuclear evidence on the
inter- and intragenotypic variation of G1–G3 is still missing. Moreover,
previous taxonomic studies based on multiple nuclear loci have never
explicitly included G2 or G3 (Hüttner et al. 2008; Saarma et al. 2009;
Knapp et al. 2011). Thus, despite the assumptions that mitochondrial
genotypes G1–G3 can be regarded as a distinct species E. granulosus s.
s., the evidence is still inconclusive.
An important prerequisite prior to the taxonomic evaluation of E.
granulosus s. s. is the correct allocation of samples into genotypes. To
date, the commonly used relatively short mtDNA sequences in analysis
have not been able to clearly differentiate genotypes G1–G3 due to low
phylogenetic resolution (Busi et al. 2007; Vural et al. 2008; Casulli et al.
2012; Yanagida et al. 2012; Andresiuk et al. 2013; Romig et al. 2015). As
a result, allocation to genotypes G1–G3 has been dubious andwithout a
clear definition. This problem is also highlighted in a recently published
network of 137 haplotypes in Romig et al. (2015). Using the 1609 bp se-
quence of the cox1 gene, the G1–G3 phylogenetic network revealed a
low level of differentiation into G1 and G2/G3, but without clear differ-
entiation into separate haplogroups. Furthermore, a large proportion of
the haplotypes described in Romig et al. (2015) were not homologous
with any of the sequences of G1, G2 or G3 originally described inBowles et al. (1992). However, using significantly longer mtDNA se-
quences (Kinkar et al. 2016; Laurimäe et al. 2016) could provide
means to differentiate G1–G3 from each otherwith confidence. The cor-
rect genotyping of this highly zoonotic clusterwould also be of great ep-
idemiological importance as it forms the basis for further analysis
regarding the possible differences between these genotypes (e.g. infec-
tivity to humans).
Delimiting species is generally a stepwise process (see also Lymbery,
2016). First step is to reconstruct a phylogeny (a phylogenetic tree or
network) to identify monophyletic groupings, i.e. organisms that
share a common ancestor and where taxa are more closely related to
each other than to any other groupings. Second step is to analyse gene
flow between these monophyletic groupings in order to identify: (i)
groupings for which cohesion is maintained by gene flow, (ii) for
which there is no gene flow. If, for example, G1 and G3 represent differ-
entmtDNA lineages, whereas on the basis of nDNA data there is no sep-
aration of G1 and G3 due to genetic exchange, then one can consider G1
and G3 as a single species. From the taxonomic point of view, the
analysis should ideally involve genotypes from various geographic loca-
tions, including sympatric and geographically distant ones. The results
based on genetic data should also be evaluated in the context of other
scientific evidence (e.g. morphological and ecological data, host range,
infectivity to humans, developing rate), if such data is available.
The aim of this study was to analyse the phylogenetic relations and
taxonomic status of E. granulosus s. s. genotypes G1–G3 using
11,443 bp of mtDNA (~85% of the whole mitogenome) and 2984 bp of
three nuclear genes (cal, tgf, ef1) analysing samples from different
host species covering a wide geographical range, but also from areas
where E. granulosus s. s. genotypes occur in sympatry.
2. Materials and methods
2.1. Parasite material
A total of 23 E. granulosus s. s. samples were analysed in this study,
originating from 5 intermediate host species (sheep, cattle, buffalo,
camel and human) in 10 countries: India (n = 2), Iran (n= 4), Turkey
(n= 4), Spain (n= 5), France (n= 3), Finland (patient from Algeria;
n= 1), Chile (n= 1), Argentina (n= 1), Albania (n= 1) and Tunisia
(n = 1; Fig. 1; Table 1). In addition, one E. equinus (G4) sample from a
Turkish donkey and three E. ortleppi (G5) samples from Indian buffaloes
were analysed to evaluate their genetic distance from genotypes G1–
G3. Samples were obtained during routine meat inspections or from
hospital cases and were ethanol-preserved at−20 °C until further use.
2.2. DNA extraction
DNA was extracted from protoscoleces or cyst membranes using
High Pure PCRTemplate Preparation Kit (RocheDiagnostics,Mannheim,
Germany), following the manufacturer's protocols.
2.3. PCR amplification and sequencing of mtDNA
FormtDNA sequencingwe used 17 primers described in Kinkar et al.
(2016) and Laurimäe et al. (2016), whereas 7 primers were newly de-
signed (Table 2). Sequencing was performed using the same primers
as for the initial PCR amplification. Cycle parameters for PCR and se-
quencing were as described in Kinkar et al. (2016). All mtDNA se-
quences were deposited in GenBank and are available under accession
numbers KY766882-KY766908 (Table 1).
2.4. PCR amplification and sequencing of nuclear DNA
Amplification and sequencing of 3 nuclear genes (2984 bp in total):
transforming growth factor beta receptor kinase (tgf; 937 bp),
calreticulin (cal; 1272 bp) and elongation factor 1 alpha (ef1; 775 bp)
Fig. 1. Geographic locations of the analysed samples: Echinococcus granulosus s. s. genotype G1 (n = 10; green circles) and genotype G3 (n = 13; blue squares), E. ortleppi (n = 3; pink
hexagon) and E. equinus (n = 1; yellow triangle).
Table 1








SPA5 G1 Spain Sheep KY766886
FIN1 G1 Finland Human KY766884
TUN1 G1 Tunesia Sheep KY766885
ARG1 G1 Argentina Cattle KY766882
IND2 G1 India Buffalo KY766891
CHI1 G1 Chile Cattle KY766890
TUR4 G1 Turkey Sheep KY766888
FRA3 G1 France Cattle KY766889
ALB1 G1 Albania Sheep KY766883
IRA4 G1 Iran Sheep KY766887
TUR1 G3 Turkey Sheep KY766901
SPA1 G3 Spain Sheep KY766900
SPA2 G3 Spain Sheep KY766896
FRA1 G3 France Sheep KY766893
SPA4 G3 Spain Sheep KY766897
IND1 G3 India Buffalo KY766902
IRA3 G3 Iran Camel KY766899
IRA1 G3 Iran Camel KY766894
IRA2 G3 Iran Camel KY766895
FRA2 G3 France Sheep KY766892
SPA3 G3 Spain Sheep KY766903
TUR2 G3 Turkey Cattle KY766904
TUR3 G3 Turkey Sheep KY766898
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were deposited in GenBank and are available under accession numbers
KY766909-KY766920.
2.5. Data analysis
Sequences were assembled in CodonCode v6.0.2, manually
corrected in BioEdit v7.2.5 and aligned with corresponding sequences
available in GenBank (G1: AF297617; G3: KJ559023; G4: AB786665;
G5: AB235846; cal: EU834931; ef1: EU834898; tgf: EU834910) (Le et
al. 2002; Nakao et al. 2007; Nakao et al. 2013; Saarma et al. 2009;
Wang et al. 2016). Phylogenetic networks were calculated using Net-
work v4.612 (Bandelt et al. 1999) (http://www.fluxusengineering.
com, Fluxus Technology Ltd., 2004). Networks were constructed sepa-
rately for mitochondrial and nuclear markers.
3. Results
In the mtDNA analysis, a total of 23 E. granulosus s. s., one E. equinus
and three E. ortleppi samples were successfully analysed, yielding final
mtDNA alignment of 11,502 bp (the sequence length was 11,442–
11,443 bp for the E. granulosus s. s. samples, 11,465 bp for the E. equinus
sample, and 11,466 bp for the E. ortleppi samples).
Nuclear markers cal, ef1 and tgfwere successfully PCR-amplified for
the same set of samples, except for a putative G2 genotype from Spain
Table 2
Primers used for analysis; positions are according to AF297617 in GenBank (Le et al. 2002).
Primer Primer sequence Primer position PCR product length Reference
Ef1 TCGTTTTACACGCGATTGAACT 4924…4945 [1]a, [2]a
Er1 ACCTGCTATGCAGCCCTATT 6147…6166 1243 bp [1], [2]
E2fn GATGCTGTTAACTTCAAGAAATG 6034…6056 [1], [2]
E2r2 CTCAAAGCATTCAAACGC 7053…7070 1037 bp [1], [2]
E3fn GTTGATTCGTGTTAATTTTTTGGAG 6873…6897 [1], [2]
E3rn GAAAACATAGCAAACAACAACCC 7573…7595 723 bp [1], [2]
E4f2 GTGATCCTATTTTATTTCAAC 7436…7456 [1], [2]
E4rn GCTACCTTTGCACAGTCAATATAC 8939…8962 1527 bp This study
E5fn GGTACCTAGTTTTTGTTATATTGT 8712…8735 This study
E5rn GAATCGCTCACTGCCAAACCA 9813…9833 1122 bp This study
E6f TAAGGGTGATGCAATTTGAG 9588…9607 [1], [2]
E6r ACAACCATCTACAGCACGAA 10,812…10,831 1244 bp [1], [2]
E7fn GATGCTGTTCCTGGTCGTCTTAATC 10,623…10,647 This study
E7rn CAATCAACTTCAACAACATAAACC 11,992…12,015 1393 bp This study
E8fn GCTTATGTTACGGCCATAAGA 11,716…11,736 This study
E8rn TGCTTAGTAAAAAACACCCCA 12,764…12,784 1069 bp This study
E10f GATTACTGTTACTGGTTTTCA 312…332 [1], [2]
E10r CAACTTAAAAACAAGCATCATCA 1756…1778 1467 bp [1], [2]
E11f TTTTATGCTATTCTTCGGTGTA 1521…1542 [1], [2]
E11r CAAAAACACCTCATTAAACCAC 3278…3299 1779 bp [1], [2]
E12f TTGTGGTGTTTTTATGATG 2922…2940 [1], [2]
E12r CACAGACGATAACCCAGA 4204…4221 1300 bp [1], [2]
E13f CGGGTCTTTTATTTTGATGTTG 4003…4024 [1], [2]
E13r GATCCAAAAGCACATCGA 5507…5524 1522 bp [1], [2]
[1] Kinkar et al. (2016).
[2] Laurimäe et al. (2016).
a Note that these publications report identical primers due to simultaneous publication.
Fig. 2. Phylogenetic network of E. equinus (n= 1), E. ortleppi (n= 3) and E. granulosus s. s. (n= 23) based on 11,502 bp of mtDNA, portraying the E. granulosus s. s. genotypes G1 and G3
more closely below. Circles represent haplotypes, different colours represent different genotypes/species: E. equinus (G4)– orange circle, E. ortleppi (G5) –pink circle, E. granulosus s. s. G1–
green circles, E. granulosus s. s. G3 – blue circles. Black dots aremedian vectors (i.e. hypothetical haplotypes: haplotypes not sampled or extinct). The E. ortleppi samples were divided into
three haplotypes, but were closely related and are depicted as a single circle. E. granulosus s. s. G1 and G3 haplotype names represent their geographical origin (TUR – Turkey, SPA – Spain,
FRA – France, IND – India, IRA – Iran, CHI – Chile, ALB – Albania, ARG – Argentina, TUN – Tunisia, FIN – Finland (patient from Algeria). Numbers on the lines represent the number of
mutations. Letters inside the E. granulosus s. s. haplotypes represent host species: S – sheep, C – cattle, B – buffalo, H – human, D – dromedary camel.
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The final length of the nuclear genes in alignment was 2984 bp.3.1. mtDNA networks
Echinococcus equinus and E. ortleppi mtDNA haplotypes were sepa-
rated from E. granulosus s. s. by 1244 and 1387 mutations, respectively.
The genetic distance between E. equinus and E. ortleppiwas 1228muta-
tions (Fig. 2).
Echinococcus granulosus s. s. samples were divided into two
haplogroups (Fig. 2). One haplogroup included 10 samples, which
were highly homologous with the G1 mitogenome sequence
AF297617 in GenBank (Le et al. 2002). Of these, six haplotypes (FIN1,
TUN1, ARG1, TUR4, CHI1, IND2) contained the originally described G1
sequence sensu Bowles et al. (1992; 366 bp of cox1) (Table 1). The
other haplogroup included 13 samples, which were highly homologous
with the G3 mitogenome sequence KJ559023 in GenBank (Wang et al.
2016). Seven haplotypes (SPA1, SPA2, SPA4, IRA1, IRA2, IRA3, FRA2) in
this haplogroup contained the originally described G3 sequences
sensu 366 bp of cox1 in Bowles et al. (1992) (Table 1). Therefore these
two haplogroups corresponded to the E. granulosus s. s. mitochondrial
genotypes G1 and G3 and were named accordingly. The G1 and G3
haplogroups were separated by 37 mutations. Three samples (SPA3,
TUR2, TUR3) that corresponded to genotype G2 according to the
366 bp of cox1 in Bowles et al. (1992), positioned inside the G3 cluster
(Table 1; Fig. 2), but were not monophyletic. However, seven haplo-
types (SPA5, FRA3, ALB1, IRA4, TUR1, FRA1, IND1) could not be geno-
typed according to the original molecular definition in Bowles et al.
(1992) based on the 366 bp fragment of the cox1 gene (Table 1).3.2. nDNA networks
The analysed 26 sequences based on the 3 nuclear geneswere divid-
ed into 4 distinct sequences (Fig. 3). Echinococcus granulosus s. s. sam-
ples (n = 22) comprised of 2 sequences, separated by a single
mutation. One sequence was dominant, comprising 20 E. granulosus s.
s. samples, whereas the other included only 2 samples (FRA3 and
SPA5). The three analysed E. ortleppi samples had an identical nuclear
sequence, separated from E. granulosus s. s. by 36 mutations. The E.
equinus sample was separated from E. ortleppi and E. granulosus s. s. by
23 and 45 mutations, respectively.Fig. 3.Phylogenetic network of E. equinus (n=1), E. ortleppi (n=3) and E. granulosus s. s. (n=2
represent different genotypes/species: E. equinus – orange, E. ortleppi – pink, E. granulosus s. s
contained samples from both G1 and G3 (n = 20), it is represented with half green, half b
mutations. The number inside the sequence FRA3, SPA5 represents the number of samples.4. Discussion
Sequencing a large portion of themtDNA in analysis is highly recom-
mended when the aim is to obtain high-resolution phylogeny (e.g. Keis
et al. 2013; Kinkar et al. 2016; Laurimäe et al. 2016). The results in this
study based on the nearly complete mitochondrial genome sequences
clearly demonstrate that genotypes G1 and G3 form distinct mitochon-
drial haplogroups, separated from each other by 37 mutations (Fig. 2).
However, not all of these are diagnostic and defining the precise set of
diagnostic nucleotides requires a much larger sample size (ongoing
project).
To date, samples have often been allocated to genotypes G1–G3
without a clear definition: many haplotypes cannot be unequivocally
designated to any of the genotypes originally described in Bowles et
al. (1992). Even the analysis of the full cox1 gene (1609 bp) has not
allowed clear differentiation of genotypes G1–G3 (see Romig et al.
2015). In this study, the considerably longer mtDNA sequences
(11,443 bp) have placed G1 and G3 into distinct haplogroups, corre-
sponding to mitochondrial genotypes G1 and G3. Thus, sequencing a
significant portion of the mitochondrial genome has allowed for the
first time to differentiate genotypes G1 andG3with confidence. It is im-
portant to note that the G1 and G3 samples in this study were obtained
not only from awide geographical range, but also from countries where
they exist in sympatry: India, Iran, Turkey, Spain and France (Fig. 1).
Also, several host species analysed in this studywere common between
genotypes G1 and G3 (sheep, cattle and buffalo, see Fig. 2). Thus, the
separation of these groups cannot be explained by clustering according
to geographical origin or host species. Due to the relatively small num-
ber of samples analysed in this study, only a portion of themitochondri-
al variation of genotypesG1 andG3 is presented. Therefore, it is possible
that future studies involving significantly more samples may reveal
haplotypes that position between G1 and G3 in mtDNA-based phyloge-
netic networks. However, these cases are probably rare since our analy-
sis that included G1 and G3 samples from both geographically
overlapping and highly distant locations demonstrate thatmaternal lin-
eages of G1 and G3 are highly divergent and cluster separately (Fig. 2).
The results derived from mitochondrial data do not necessarily
mean that genotypes G1 and G3 are separate biological entities.
MtDNA does not recombine andmutations to differentmtDNA lineages
accumulate at random. Once a new mitochondrial mutation becomes
fixed in a population, it forms a newmitochondrial lineage that is sepa-
rate from the ancestral one. From this point onwards, mutations contin-
ue to fix progressively in an independent manner in both the new and2) based on 2984 bp of nuclear DNA. Circles represent distinct sequences, different colours
. G1 – green, E. granulosus s. s. G3 – blue. Since the E. granulosus s. s. dominant sequence
lue. The black dot is a median vector. Numbers on the lines represent the number of
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into the nuclear genome at random, nuclear genes undergo recombina-
tion and if there is no barrier for gene-flow, then nuclear genes do not
show separation into genetically distinct populations (Saarma et al.
2009). Indeed, our data based on three nuclear genes enabled to distin-
guish E. granulosus s. s., E. equinus and E. ortleppi from each other with
confidence, whereas there was no separation between genotypes G1
and G3 (Fig. 3). Therefore, our study confirms that in the taxonomic
sense G1 and G3 can be regarded as a single species E. granulosus
sensu stricto, which is further supported by a notion that G1 and G3
both have a wide geographical overlap and similar host spectra; hence
there are limited ecological differences between these genotypes.
Thus, this is the first study that confirms the species status of E.
granulosus s. s. Also, as these results were unambiguous, we conclude
that the sample size in this study was sufficient to confirm the species
status of E. granulosus s. s. If the results had suggested that genotypes
G1 and G3 are different species, contradicting earlier assumptions,
then more samples would have been needed to confirm this finding.
Our data suggests that G2 is not a valid genotype even in the mito-
chondrial context. Three samples, matching the original molecular def-
inition of genotype G2 sensu 366 bp of cox1 (Bowles et al. 1992),
clustered together with G3 samples based on mtDNA and with both
G1 and G3 genotypes based on nuclear genes (Table 1; Fig. 2; Fig. 3).
Moreover, the putative G2 samples in this study were not monophylet-
ic. We therefore suggest excluding G2 from the genotype list. Although
the G2 genotype was originally described from a sheep in Tasmania
(Bowles et al. 1992), a location which was not represented in this
study, all analysed G2 samples were, sensu Bowles et al. (1992), genet-
ically identical to the originally described Tasmanian sheep samples.
Therefore, the G2 samples analysed in this study were adequate for in-
vestigating the validity of this genotype.
We conclude that in the taxonomic sense, genotypes G1 and G3
should be treated as single species E. granulosus s. s. It is also important
to note that G1 and G3 can be regarded as distinct genotypes only in the
context of mitochondrial data and that G2 is not a valid genotype even
in the mitochondrial context. Although possible differences in the epi-
demiology between genotypes G1 and G3 are largely unknown and re-
main to be studied in the future, applying up-to-date molecular
diagnostics to separate genotypes G1 and G3 correctly is an important
prerequisite to perform such studies.
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